Abstract-Switched Reluctance Motor (SRM) has significant ripple in the total output torque production. The torque ripple is reflected in the speed through mechanical dynamics of the drive system. In this paper the ripple in the speed signal is used in closed loop control, to minimize the torque ripple during commutation. The speed signal can be obtained through speed sensor or estimator, which is less complicated and more cost effective than using a torque sensor. In spite of being filtered by the inertia, the ripple information can be extracted from speed signal using signal processing mechanism. This paper shows that properly extracted signal has acceptable correlation in terms of shape with the torque ripple. The acquired ripple information is used for the SRM phase current shaping during commutation and results show that the proper shaping of current in the commutation portion has minimized the torque ripple significantly.
INTRODUCTION
witched Reluctance Motor (SRM) is popular for advantages such as high torque-inertia ratio, excellent fault tolerability, low construction cost and more. In spite of many advantages, because of the high torque ripple it is not suitable for precise direct drive applications [1] .
Low manufacturing cost, high torque generation capability and high fault tolerance compared to the other industrial drives, the SRM can be a suitable candidate for the hybrid and electric vehicles [2] . Another benefit is that the drive of the SRM requires DC supply to operate. This is an advantage for hybrid and electric vehicles because batteries are the main source of electrical power there. But the ripples in the generated torque lead to mechanical vibration which is not tolerable for hybrid vehicle operation.
Torque of the SRM is generated by consecutive excitation of phases. At the instant of commutation when stator current is switching from one phase to another, the torque pulsation occurs [3] . Magnetic saturation and variable reluctance makes the flux-linkage, inductance and the phase torque highly nonlinear function of rotor position and phase current. These nonlinearities are the cause of the torque ripple when rectangular pulse shape current is used for the excitation [4] .
There are two approaches to minimize the torque ripple. One approach is by improving the magnetic design of the motor. By changing the stator and rotor pole structures the amount of ripple can be reduced but it would not be minimized completely. The design approach also affects the specific motor outputs. Another approach is using the active control strategies. There are different control methods for torque ripple minimization. One of the methods is to implement Torque-Sharing-Function (TSF) techniques. This method controls the rate of change of torque during commutation period according to a predefined TSF. Different TSF's can be used impacting on the amount of ripple. Torque is related to phase current and rotor position. So by wave shaping technique, phase current profile can be controlled for ripple reduction. Commutation strategy is another way to reduce the ripple of torque. Rapid switching of phase current into the windings generates torque ripples. Optimal turn on and turn off angle is used to minimized the ripple during switching. Multiphase excitation strategy has also been used to reduce torque ripple. All the discussed methods are more or less dependent on the motor torque-current-position (T-i-θ) characteristics. These strategies require complex algorithms and calculations. High speed digital signal processor with good amount of memory space is required to implement the strategies. Developing a ripple reduction method with less computation time and smaller data storage is desired.
In this paper a new way of phase current shaping is proposed. The shaping is applied in commutation interval because during this period the high ripple occurs. The slope of the phase current during turning OFF of the reference current is controlled adaptively in closed loop based on the ripple information extracted from speed signal. Simulations at different speeds and loads are done using the suggested shaping algorithm. Simulation results show that, the proposed methodology reduces the commutation torque ripple significantly at low speeds.
The paper is organized as follows: In Section II, a brief description of the converter model and operation for the SRM is provided. Section III presents the phase current shaping method during commutation. The process of getting ripple from the speed signal and its use in phase current slope adjustment is presented in Section IV. Simulation results are presented in Section V.
II. CONVERTER OPERATION
An asymmetric H-bridge converter ( Fig.1 ) is used to drive the SRM. The circuit supply voltage operates in three dc voltage levels, positive, zero and negative. To magnetize each phase both the switch of that phase are turned on. During freewheeling either upper or lower switch is on. Finally for demagnetization both switches are off. Hard chopping is performed based on current reference provided by outer loop speed controller. The switches are operated by control logic to provide necessary excitation to the stator coils of the each phase. 
III. PHASE CURRENT SHAPING DURING COMMUTATION
The reason of torque ripple during commutation is the nonideal sharing of phase current [5] . Considering linear representation of the SRM torque equation [6] , the excitation current is supplied during rising inductance region to produce positive torque. According to [6] the commutation ripple is related to the smoothness of the phase commutation. The minimization of ripple can be achieved by controlling the phase currents during commutation. The phase inductance which is a function of rotor position, affect the rising and falling slope of the currents. So instant turn off of the phase excitation based on rectangular shape reference current makes the actual current waveform asymmetric.
To overcome the problem a sloping function is introduced for the falling edge of the phase current reference. At an optimum value of the slope the high torque ripple could be avoided. T-i-θ characteristic of the SRM from finite element analysis software is shown in Fig. 2 . As seen from this figure the torque production mechanism is highly nonlinear. Due to the nonlinear behavior of the SRM it is difficult to find the optimized value of the slope that could work at different operating conditions.
Instantaneous torque equation for SRM considering magnetic linearity is,
During commutation only two of the phases conduct, so the torque (T c ) during commutation is,
where, L a and L b are the inductances of phases a and b respectively, i a and i b are the phase a and b reference currents respectively. During commutation if we consider i a as falling current and i b as rising current as shown in Fig. 3 and T c in Eqn. 2 can be expressed as,
where, I is the total reference current, k 1 is the rising slope, k 2 is the falling slope, and .
For zero commutation torque ripple, should be equal to zero. Differentiating Eqn. 3 with respect to θ we get,
… … (4)
Considering rising slope k 1 as constant and rearranging Eqn. From Eqn. 5, the value of k 2 that solves the equation make the torque ripple ideally zero. We proposed a method to dynamically change the value of k 2 based on measurable quantities. In the next Section, using speed signal to develop a measure for the torque ripple is explained.
IV. TORQUE RIPPLE IMPROVEMENT USING THE SPEED SIGNAL
The electric motor torque balance equation is, … … … (6) where J, ω, T e and T L represents inertia, rotor speed, electromagnetic torque and load torque respectively. Here we have neglected the motor damping factor. From equation (6) we see that rate of change of speed, is proportional to electromagnetic torque, T e . So any change in T e will be reflected in . To extract the torque ripple information the speed signal has been initially passed through a high pass filter (Fig.4) . The high pass filter eliminates both the dc and unwanted signal components. The approximate cut-off frequency of the high pass filter is calculated from the rotor pole passing frequency [8] of the motor which can be calculated as, , Where, is the number of rotor poles and is the number of phases. Fig. 5 shows the torque ripple occurrence three times for three phase commutation before the repetition starts. For a 12/8 machine running at 50 rad/s, the ideal cutoff frequency (calculated using eqn. 7) for the high pass filter is 191 Hz. Since the filter is implemented digitally in the processor, the cut off frequency can be adopted adaptively as the motor speed varies.
As presented in the previous section providing a slope for both rising and falling phases during commutation helps in reducing the torque ripple, but the amount of slope for different operating conditions is difficult to predict. Since the processed speed signal provides information about the torque ripple, we propose to have an algorithm that would use the information and use it to predict the optimum value of the slope during commutation. The proposed control structure is shown in Fig. 6 . The sloping function is used along with the outer speed loop.
The initial starting slope of the current reference is obtained by using the T-i-θ characteristics (Fig. 2) of the motor obtained from finite element analysis. For the calculation of the initial slope, the procedure described in [7] , is followed.
A PI based speed controller is used in the outer loop to provide the reference current for the commanded speed. The reference current sloping function performs additional current shaping during commutation to reduce torque ripple. The sloping function acts as a compensator for the speed controller output. Figure 7 shows the flow diagram of the proposed dynamic slope generating algorithm which predicts the slope value based on torque ripple information.
Measure Peak
To In Fig. 8 the torque and the signal obtained after processing the speed is shown. There is a close correlation between these two waveforms. The waveform from speed signal is used to obtain peak to peal torque ripple information. In Fig. 9 , the slope is dynamically varied using the peak to peak ripple information from speed signal. The total torque also shown in the same figure. From there we see torque ripple is reduced when the dynamic slope reaches an optimized value. In Fig.  10 and 11 peak to peak torque ripple at initial and optimized slope values are shown respectively. We see the ripple is less when controller reaches at an optimized value. Fig. 12 and 13 current slopes at the beginning and at the time when the controller reaches an optimized value are shown. For the former case there are more samples between peak and zero value of current which indicates the change of the slope of the current. Figure 9 : Dynamic slope value and total torque Figure 8 Torque and processed speed ripple signal Table 1 Simulation results with different speed and load condition with and without proposed compensation. In this paper it is shown that, proper filtering can extract signal similar to the torque ripple signal. Torque ripple is an important factor for smooth SRM operation. By using the method of this paper we can have real time information about the torque quality of the SRM without using costly torque sensor. Also a compensation technique is shown to minimize the torque ripple based on the information from speed signal.
The proposed controller is independent of motor characteristic. For SRM controller operation the position signal is required. That position signal is acquired either by using encoder or by any sensorless method. From the position information we can get speed signal. So no additional sensor is required for the method of this paper. Moreover for the controller only have small amount of data to store. Also there is not much complex control algorithm to implement, which save computation time. 
